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Abhstract

Multi-anple, multi spectial temote sensing observations, such as those anticipated frowr the Fards
Obscrving: Systen (ROS) Multi-angle hinag g an-('uul\’n(iimm'lu (MISR), con distinguish
spheneal from non sphe nical paricles over ¢ alin ocenn formineral dust ke paricles with the ramge
ol sizes aud column mnovnts expected under natural conditions. The ability to make such
distinctions is critical i emote sensing of atmosphenice acrosol properiies is (o provide sipmficint
new contributions to om understanding of the plobal-seale, clem-sky solm adiation balanee.
/\('cmdin; to theoretical simulations, the measucments canretiieve cohunr ophical depth for non-
sphencal paiicles o an accmacy of w least 0.05 o 10% 0 whichevens per. tnaddition, thiee o
tow distinct size proups between O and 2.0 microns effective tading can be dentihied at most
lanhitudes

S T A A S

I Inboduction - - Lo doa b e ey

I avecent paper, Mishchendo e al. [1995] studied the nnplu ations ol assuming sphenicat paviicles
i the retnieval ol acrosol prope ries froncmote sensing data, when nonsspherical piacles e
present e the ‘mnm])hua They demonstate that for observations of dust- hke acrosols over
ocean, i arcttieval of Wt colunm opticad depthis performed based onan sssunption of sphe neal
particles whenin fact the nticles we nonsspherical, the resolts con be serously s erron, For the
cases studied, the systematic cnor intotal column optical de |)1h 1S very sensitive o the peommictry of
the observation, and can he mbittavily Tarpe, when snoudated mmonospectial sate Ihte mcaswements
at o single cmission angle are used i the reteval, even assoimng noiseless data,

The systamatic cuors demonstvated by Mishcliendko er al PIOO5] e vnaceeptably lavpe for chimate
change studies. The magnitude of direcet radiative effects from atmospheric ac mmlx is us yel
vncertain, butitmay be compaable to the size of the anticipated incremental preenhouse wanmnng
duc to a doubling ol stinospherie CO) M/mu e, 1O Pevoner e al,, 109 Kielldh and Biiegleh,
VOU3: Charlson er af., 1992, Hansen and Tacis, 199010 Dust-hke |m|mh S, which me Likely 1o be
non-spherical, make haporimt contiibutions to the optical deptheover Lige regions of the planet
[ Vewer and Fug, 1094

Cutrently, satellite-based 1emote sensing instiaments provide owe besthope of obtaining the spatial

o and ciporal coverage icquited For plobal monitonmg of atnosphenic aserosolss Althouph the only
o elobal scale satellite- based retrieval of otal column acrosol optical depth now croutine operation
AL E lkll(&()lld simgle channel of AVEHRRK data [/\(uu/m LR Fhiesar and Stowe, TS new smeline
i temote sensing mstwnents withe mult-angle and muoli-spectial capabilitics ave beimg built,. We

present i this paper a theareticad study ol the ability of multi-angle and mult-spectial remote
sensing technigues o distinguish between sphiencal and non sphencal paiicles: This study s pani
of owr proprm o chinactenize the pedtormance of the Multi-angle Taging SpectioRadiomete
(MISR) instrament, which is scheduled Tor Liunch into polar orbit on the EOS-AMI plattorn in
Junc, 18 Diner ¢ al., 1991}

The MISR instrament will measore the upwelling visible vadianee frome Pavilein 4 spectral bands
contered at 443, 550, 670, and 865 i, ot uwln of @ crission angles sprcad outm the Torwind and
aft dircctions alonp the Hight pathe a3 70,5, 56007, 4 1567, 470,17, and nadin. The \p‘xliul
satpling rate 18 275 meters i the cross tack diection al AH anples. Over o penod of 7 minutes, a
360 i wide swath ol Varth comes into the view of the comeras atcach of the @ cission angles,
providing o wide range of scattering suple coverape for cach surface location. The data will ln.
uscd 1o chinactenze acrosol optical (ivplh‘ acrosol type, surlace albedo and bi-dicctional
reftectme, and cloud properiies, Global coverage will he acquired about once i @ days st the
cquator; the nomina) mission hifetine 15 6 yems,




2. Maodcling the Observations

Vor this stody, we nse single scattenng phase functions and olbedos Tor sphenical and none
spheneal pariicles similan (o those pencrated by Mishchenko e ol [1995]0 "The non-sphenical
particles ae modeled as o mxtue ol polydisperse prokate and oblite spheroids with o uniform
distiibution of aspect ratios tanging between 1.2 and 2.4 Both sphencal and non-spherical
pariicle sizes me piven by power Jow distiibutions, with n(t) = Clorr =1, n(): Capmilong =
sy and n@) s O for >0 Heeis the partcle sadius for sphencal paciieles and the radius of o
sphare with equal suiface arca for non-sphencal paricles. Cas a notmalization constimt for the
distribution. 3y anday e pimameters, selected so that the cross-section mean weighted radiug of
the distiibution as a whole is 1¢qq, and the vanance of the distiibution is veqy [Mishichenko and
Travis, 19940 Tor all cases, veqp is .7 and the paiicle index o retraction is 1,53 - 0.0087
independent of wavelength, The wavelenpgth dependence of sinple scatterning properiies seales as
x, where x = 2o /A, and Ais the wavelenpth {Hansen and Travis, 1978]. Unless specitied
otherwise, optical propartics presented in this paper e for MISR Band 3 (670 wm); i the
underlying calculations, optical properiies are properly scaled 1o account for wavelength
dependence incach of the MISR bonds vsed.

Fipuwie I cotpares the single scattening phaose functions for distibutions ol sphenical and non
sphencal paractes of several effective sives. For the siallest parieles, e = 0,05 pon, which s
typical of "nucleation mode” acrosols in the atimosphere, but smaller than common atmospherice
mincial dust acrosol distiibutions, The single scatterning phase Tunctions for sphencal and non-
sphenical pmaicles at these sizes e indistingaishable, Distiibutions with etfective radin i the 0.5
to- 1O prmvange are typical of suspended atmosphenic mineral dust acrosols fep, Tegen and Fung,
19041 For these Tavger acrosols, the nons sphenical porticles put o staller fraction of the total
scatterig into the back- scatlennyg divection at scatlenng angles greater than about 1507, and a larpen
Naction into the scattermg angles between about 1007 and 1507, compaed to sphenical pariicles
with cquivalent suiace wiea The chnactenstes shown in Figure 1 have been reprodoced for other
types of tandomly-oriented aggrepates of non-sphenical paiicles |e.p., Takano and iow, 1989,

The optical properiies given by Mishchendo er al 1 1995) allow us to teat pariicles with sizes up to
about 2 jun, wihich is adeguate to cover the tamsition in single scattering charactenstics between
pardcles with x values in the small (Rayleigh) anud larpe (peomctiic optics) regnnes. Qualitatively,
the results for the larpest paiicles we con teat also apply to paricles with cffective radin between 2
and 10 pon, Quantitative tcatment of the sensitivity of multi-angle remote sensig to the Lacpes
pariicles requires additional caleulations that wre conently undenway',

The seattermyg angle coverape for cach of the © MISR camceras, as o function of Tatitude and
location in the scan hne, 1s shown i Fipore 2 for March 21, for the nominal EOS-AMI platfonn
orthit I ndlatitudes, seattermg angles between about 607 and 1607 aie covered by the 9 cataeras,
whereas at high Totitudes the vamge is approximately 407 o 1507, and at Tow Tatitades, 1007 1o 160"
With changing scasons, the pattern of coverage remains nealy the same, but shifts towand the
sutinner pole,

The MISR "Team has developed aradiative ansfer code, based on the adding- doubling method
[ansen and Travis, 19741, 10 simalate top ol atmosphere ieflectances as would be obscerved by
the MISR instrument, for wmbitary choice ol acrosol type and amount, and varable swiface
rellectance properties {Diner er al., 19941 For the present study we have siimulated MISR
measurements over a bresnel-retlectng colin occan swrface, o cloud-fice, Rayleiph scattering
atinosphere with o surface pressure of 1013 b and o stimdind mdlatitude temperatwne profile. A
Layer contmmng cither non-spherical or sphencal pamiiclesas placed between the pas component and
the surface. (Sensitivity studies show that for the tange of acrosol optical depth treated here, the
results would be vnaffected il the acrosols were modeled as nxed with the pas i the Towest pani




of the atmosphere.) The poal is to determine the degree to which we car dis inguish between the
non spherical and spherical pariicle cases from the measmements.

As a measure of instroment sensitivity, we use a normahized v? pmamncter that weights the
conbibutions from cach observed reflectance according to the shant path of the observation tinough
the atmosphere. [hi this paper, 1eflectance s defimed as the radiance multiplicd by, and divided
by the exo atmospheric sokar inadiance at notmal incidence.] A way to dehne 77 that ciuphasizes
the camera-to-camera peometic differences is o divide coch spectial measmement by the
conesponding spectial mcastement in the nadie cimers
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where 1ypeas 18 the sinlated “measuied” reflectance, ooy 18 the simulated reflectimee for the

"assumed” comparison model, Tand koare the indices for wavelength band and camera, Nos the

number of measwements included m the calculation, g me welphts, chosen to be the inverse of

the cosine of the cruission angle appropriate to cach camera ky <my> is the averape of weights for

all the measuremnents included inthe caleulation, and Opeon (@ dimensionless gquantity) is the
unceriainty in the measured channel-to channel reflectinee 1atio, given hy:
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where oy¢p has nnits of 1etlectancee andis the relative calibration unceriainty in the reflectanee fon
band 7 and camera k. Tor the MISR instument, the value of o118 specified to fall between 0.01
for a tmpet with retiectinee of 100%., and 0.07 Tor areflectance ol 5%, i all channels [Diner et al.,
1094]. For these simulations, we model oy as vinying lincarly with seflectanee. Note that Oy
includes the effects of systetatic calibration crrors for ratios ol reflectance between channels.
Landomn error due to mstiument noise is neglipible, based on the hiph sipnol-to noise 1atio
demonstiated during MISR camera testing,

,

Since the ¢? parameter is nomralized to the number of chanmels used, w value less than or aboul
unity implics that the comparison model is indistinguishable from the measwements. Values Tarper
than about 5 imply that the comparison model is not consistent with the observations. Fo Hlustiate
this in subscquent fipmes, we have developed acolor b with 3 segments: o loganithiic scgment
for values between 10°5 and 1 depicted in shades of blue, a logarithmic sepment for vatues between
5 and 100 depicted in shades of ved, aud o hinea sepment shown in light preen, yellow, and orange
shades fon (the intenmediate values, Thus, ted shades in the fipues indicate situations where the
model is clemly distinguishable from the measuement, whereas blue shades indicate that the model
is indistingnishable from the measuwiement. Black asieser ved Tor exact agrecment between madcel
and measwement, which can occur in s study because we ae working with simulated
observations. Note that the color table hus been designed so thatif these fipwes ae photocopied in
black and white. fist-order information about the ability to distinguish among iodels is preserved.

3. Sensitivity of Multi-Angle Multi-Spectial Radiances to Particle Sphericity




I Yipure 3A we address the question: I the atmosphere contains non-spherical particles with
acrosol optical depth 1, g and distiibution of pariicles with effective 1adius 1y, could a retiieval
with MISR-Tike multi-spectial, multi-angle data mistakenly interpret the measmed reflectances as

being due to spherical panticles with effective radius seomp and acrosol optical depth 1 comp?

For acrosol 1etievals over ocean, the standard MISR algorithm uses data from all 9 ciiission
anples, but only in the two spectral bands at which the ocean sutlace is darkest (670 and 865 ).
Simulations were perfonned for an atmosphere containing, non-sphencal pariicles with 1, values

of 0.1, 0.5, 1.0, and 2.0 jun, and T aun values at 670 mn ol 0.05, 0.2, and 0.8, Appropriate
scaling was used to simulate (1 data at 865 nm, assuming the pawticle imdex of 1elfraction is
independent ol wavelength

gl

2 peom Was then caleulated for comparison models that assume disttibutions of sphetical pariicles

with column optical depth 1y comp tanging, from 0.05 to 1.0 ininciements of 0.05, and effcective

vadii 1oy ranging from 0.1 1o 2.0 i, ininciements of 0.1 According o Figuie 3A, the % peom
criterion is able o distinguish spherical from non-spherical particles for all cases chosen, excepl
when the atnospheric particles we very stuall and 1 s Tow. We expeet no dischimination for
very small particles, since the corresponding spherical and non-spherical single scattermg, phase
functions are indistinguishable (Figure 1), Note that even for the very siall pariicle case, the only
acceptable value of 1egu 18 the conesponding cquivalent-sphere radii for yg,,, and the acceptable

T comp Values are within 0.05 of the conresponding values ol 1, aum.

Figure 3B tests the converse situation: non-spherical patticles are assumed for the comparison
models when the atmosphere actually contains spherical paticles. Here agann the only case wheie
the difference in particle shape would not be detected is when the atmospheric pamicles are very

siall and 1 4 18 Tow,

I addition, for very low atmospheric optical depth, some cases produce two Tocal minima in
RH.E.:_: (though not ow cnouph to qualify as acceptable matches). For the e 005 case, the

minima occur when 1egpp 1s between 0.4 and 1.0 pun. These minima arise because the single
scatiering albedo for the comparison (spherical) particles is slightly smaller than the conesponding,
alue for nonsspherical paticles. As the compatison model optical depth is creased, the
comparison modeliefiectance at the scattering augles icasoed by the instiment (607 1o 1507) also
incicases (Fipare 1) Tor some intcrmediate value, the difference inoeflectance between the
spherical and non-spherical cases reaches a local mintnme, The absolute winimun, and therefore
the best it optical depth, still falls at the correet value, As comparison model optical depth
increases further, the distinguishability becomes preater.

Similar wesults are obtained at poleward geometries. Atlow latitudes the range ol scattering angle
covered by MISR is diminished. Within about 207 of the subsolar latitude, the scatleting angle
coverage only extends from 1007 10 160" (Figure 2), imiting: the sensitivity of the retiieval, Thisi
particularly appatent for both the Tow optical depth and the small particle sive cases, wheie the
reflectance differences between spherical and non-spherical panticles are siall to begin with. For
the stallest particle sizes tested, the tetieval is insensitive to particle shape at low latitudes. For
low optical depth, the retiieval is insensitive o particle size and shape at these latitudes, but the
retieved optical depth s stll within 0.05 of the conreet value.

In Figure 4A we examine the ability of MISR-Tike measmements 1o conectly retrieve the propertices
of non-spherical particles. For tis figure, both the atmosphere and comparison models contain
nons spherical particles. There ae regions of acceptable matehes forall cases, with exact agrecment
when the comparison model paramcters equal those of the atmospherc. For low atinosphenc
optical depth and inid- to- lage sized atmospheric pmticles, woange of sizes satishes the test. The




size diserimination iimproves w it nercasing 1 0 osphetic optical depth particularly Tor mid-sized
particles.

.

e optical depth uncertainty is within .05 for siall aud 10% for aper paricle sizes, butis close
(0 50% for the worst case in Figme 4A. By using ‘xum;.::_ alone. we have reduced 18

measureents to a single statistic. ‘\NE,:__. cimphasizes the peometric propertics of the scattering,
which depend heavily on particle size and shape. However, there is more information in the
measwements that may be used to improve the retiieval discrimination ability. For example, we
deline a statistic that weights the contiibutions from cach observed absolute 1eflectance according,
to the slant path through the atmosphere of the obser vation:

. . ©)
! O 1K)

where aune 1s the absolute measurernent enor n the 1eflectance. (Oahs s nominally thice hmes the

corresponding value ol og¢ for the MISR instiament |[Diner et al., 19941.) This statistic
cruphasizes the absolute reflectance, which depends heavily on optical depth. Figuie 4B shows
77 s FO1 the s parameter space covered by xw?.:_: in Fipme 4A. To fully use the additional
information, o model must satisty borh x? criteria. This incieases the rettieval sensitivity 1o optical
depth o 10% o better over the entire patameter space Combining the tests also improves slightly
the retieval sensitivity to particle size for Tager particles. Size discrimination is poorest for low
optical depth. Very similar results in terms of sensitivity to both optical depth and particle size ae
obtained at higher as well as lower Tatitudes.

. Conclusions

Multi- angle, multi-spectial measmennents such as those anticipated from the FOS MISR instament
Mo sensitive to the chatacteristics of sinple scattering phase functions that distinguish spherical
from non-spherical particles. Simulated mixtures of non-sphetical particles covering the range of
cize distriibutions and colummn abundances typical of atmospheric mineral dust over ocean were

used, with indices of refiaction representative of Sahara dust acrosol samples. A simple ¥? testis
adequate to identify non-spherical patticles for all cases except the smallest pa ticles, which have
clfectve tadii of 001 microns or less, and for Tow actosol optical depths at latitndes within about
20" of the subsolar latitude. For the small particle cases, the scattening propettics themselves are
indistinguishable from those ol cquivalent spheres,

According to theoretical simulations, MISR-type micasurements cai retrieve column optical depth
for non-sphenical particles over calin ocean o an accuracy of at least 0.05 o1 10%, whichever is

liger. This is true even for cases where patticle shape or size 18 not well-constrained by the

retiieval, Two N\. tests, one which cmphasizes the peomets ic information in the mcasurement set,
and one which ciiphasizes the absolute reflectances, ae needed to produce these constiaints.
Constiaints on cffective radius vary with colunm optical depth and with the natare of the tests used

for the retrieval, With the two %2 tests adopted for this study, tee to four distinet size proups
between 0.1 and 2.0 micions effective tadius we distinguishable over the assumed 1ange of
colutnm optical depths.

Characterization of the sensitivity of MISR acrosol retrievals for arange of patticle compaositions
and envitonmental conditions, and refinement of the criteria used for choosing "best-fit" modcls,
are part of continuing work. The MISR Feam is cunrently performing sensitivity stodies for
actosol colunm optical depth, acrosol size distiibution, aciosol indices of refraction, acrosol




hydration state, mixing of particle types, cffects ol thin cirrus, fops, stratospheric acrosols, and
underlying surface type.
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Figure Captions

Figure 1. Sinple scattering phase functions for several pairs of spherical and non-spherical
particles with the same values of 1o For adl cases, verr = 0.2, and A is 670 nm. (A) 1egy = 0.05
tun (Note that the non-spherical case is hidden by the spherical case for this size particle); rer: 0.1
pn and reers 0.5 o, (B) rers 1O pun; andggp: 2.0 pom,

Figure 2. Range of scatte ring angles to be sovnipled by the 9 MISR caner as, as functions of
latitnde and Jocation in the instrament scan line, for Maich 21 and the nominal EOS- AM Platfor m
orbit.  Sampling extends o 82° latitude, and in some scasons folds over toward 607 in the
opposing hemisphere. "The pattern ramaing neatly the stune, butshifts poleward, asthe solstice
scasons approach.

Figure 3. Tests of the ability to distinguish spherical from non-spherical acrosols. (A) For cach
panel, simulated MISR reflectances were produced for an atmosphicre containing non-spherical
particles with the specified vy and Ty gune taaum 1ncreases to the right from pancl o pancl,
whereas e aun increases from pancl to panel toward the top of the figwe. X7p,c(m. was then
caleulated using the two longest wavelength MISR channels in all 9 cameras, for comparison
models that assumne distributions of spherical particles with effective radii 1egump and column
acrosol opuical depth Teomp. Al simulations presented are for mid-latitude geometry over a
Fresnel-reflecting, calm ocean surface, and include a standard Rayleigh scatlering contribution.
Colors indicating the value of )(7}.'(-(,,,, are plotted in cach pancl, with 1eonp increasing toward the
top of cach plotand Teomp increasing to the vight. (3) Stunc as Figure 3A, except that the
atmosphiere is assum ed to contain spherical particle s, ancl compar isonmode Is a ssume non -
sphencal pan ticles.

Fipure 4. Tests of the ability to constrain non-spherical acrosols. (A) )(ch(,,.. for the same
parameter space as 1 Fgure 3, exceept that the measured and comparison models both assuime non-

sphencal particles. (B) )(7;.(,5 for the same parameter space as in Figure 4A.
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Non- Spherical Atmosphere, Sphericol Compar ison (f resnel Surface)
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Spherical Atrmosphere, Non- Spherical Comparison (Fresnel Surface)
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Non  Spherical Atm osohere, Non- Spherical Comparison (f resnel Surface)
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